Human leukocyte antigens (HLA-I) present peptides from the endogenous pathway to CD8^+^ T cells, allowing cytotoxic responses against virally infected and tumour cells ([@bib55]). The assembly and maturation of HLA-I is promoted by the antigen-processing machinery (APM). Dysregulation of APM components, which in several tumour types result in downregulation of cell surface-expressed HLA-I molecules, may result in changed immunodominance hierarchies and decreased immunogenicity.

The HLA-I maturation, that is, folding of HLA-I heavy chain (HC), association with *β*~2~-microglobulin (*β*~2~m) and binding of a peptide of suitable length and motif takes place in the endoplasmic reticulum (ER). Peptides to be loaded onto HLA-I/*β*~2~m heterodimers are generated in the cytosol mainly by the proteasome and transported into the ER by the transporter associated with antigen processing (TAP) ([@bib27]; [@bib29]). In the ER, the peptides may be further trimmed by the aminopeptidases ERAP1 and ERAP2 ([@bib36]). Folding of the HLA-I HC and its association with *β*~2~m is facilitated by ER chaperones including calnexin and calreticulin ([@bib31]). The HLA-I HC/*β*~2~m dimer binds to tapasin and is incorporated into the peptide loading complex, which also consists of at least calreticulin, ERp57 and TAP ([@bib47]). Tapasin not only bridges HLA-I to TAP, but also promotes HLA-I maturation with both peptide- and HLA-I allomorph (allele-specific protein product) specificity ([@bib32]; [@bib35]; [@bib15]). Tapasin strongly influences HLA-I peptide presentation both in a qualitative and quantitative manner ([@bib33]). Although bound to tapasin, suboptimal peptides in the HLA-I binding cleft may be replaced in a peptide-editing process mediated by tapasin ([@bib51]). ERp57 is involved in both early and late HLA-I maturation and the interaction of ERp57 with tapasin has been shown to enhance the peptide-editing function of tapasin ([@bib49]).

Downregulation of HLA-I and APM components are common in tumours of different origin and are associated with worse prognosis in several malignancies as well as with the outcome of T-cell-based immunotherapy ([@bib39]; [@bib7]; [@bib38]; [@bib8]; [@bib18]; [@bib26]). Studies of a number of different tumours have focused on tapasin and have reported downregulation of tapasin to be linked to metastasis and poor outcome ([@bib7]; [@bib8]; [@bib18]; [@bib22]). In addition, tapasin has been found to be downregulated in, for example, renal cell carcinoma, prostate cancer, urothelial carcinoma, cervical carcinoma, head and neck squamous cell carcinoma and oesophageal squamous cell carcinoma ([@bib38]; [@bib26]; [@bib3]; [@bib5]; [@bib40]; [@bib42]). In astrocytic tumours, tapasin was associated, but not statistically proven to be correlated, with HLA-I downregulation or tumour grade. The same study showed that for the glioblastoma multiforme (GBM) lesions, 19 out of 24 were negative for tapasin in contrast to other APM proteins such as calnexin and calreticulin for which all lesions were positive ([@bib8]). Glioblastoma multiforme, a grade IV astrocytic tumour, is an aggressive and highly invasive brain tumour. Treatments available today include surgical resection with subsequent radiotherapy and Temozolomide treatment ([@bib28]). Despite currently available treatments, the median survival following diagnosis is about 14 months, a prognosis that has remained virtually unchanged for the past decades ([@bib50]) and the development of complementary treatments (e.g., immunotherapy) is highly desirable.

The critical role of APM components in shaping the HLA-I presented peptide repertoire is well established but scarce information about HLA-I and APM component expression is available for malignant brain tumours. Here we have analysed the expression of APM components and HLA-I in GBM. Tapasin expression in particular was highly dysregulated and significantly correlated to the expression of HLA-I HC and also to the survival time of patients. We propose that analysis of tapasin expression levels in combination with high-resolution HLA-I typing of patients could be used to improve personalised immunotherapy protocols for GBM patients.

Materials and methods
=====================

Tumour tissues and cell lines
-----------------------------

Biopsies from 11 resected GBM tumours and cell lines derived from the same tumours were used. To protect patient anonymity, tumour samples were de-identified and registered in a database with a sample collection code. Cell lines were labelled with the abbreviation GCL (glioma cell line) and numbers 1--11. Corresponding codes for the tumour tissues registered in the database are: GCL1 (LU-94), GCL2 (LU-93), GCL3 (LU-96), GCL4 (LU-95), GCL5 (LU-200), GCL6 (LU-203), GCL7 (LU-10), GCL8 (LU-204), GCL9 (LU-37), GCL10 (LU-202) and GCL11 (LU-92). All patients were of age 50--69 years. The use of all material has been approved by the patients and the local ethical board (LU 307-98).

For peptide pulse experiments we used the transformed lymphoblastoid B cell lines 721.221 (tapasin proficient) and 721.220 (tapasin deficient), both transfected with HLA-A\*02:01, a kind gift from Dr T Elliott, Southampton University, UK.

Cell culture
------------

GCLs were cultured at 37 °C and 5% CO~2~ in R10 medium (RPMI1640 medium (GIBCO, Invitrogen, Thermo Scientific, Waltham, MA, USA) containing 10% FBS (HyClone, Thermo Scientific), 1 mM sodium pyruvate, 10 mM HEPES (both from GIBCO, Invitrogen, Thermo Scientific) and 50 *μ*g ml^−1^ gentamicin (GIBCO, Invitrogen, Thermo Scientific). Cells were trypsinised with 0.25% Trypsin-EDTA (Invitrogen, Thermo Scientific) at 37 °C for 3--5 min. The GCLs were cultured over a time period of several months and expression levels of APM proteins and HLA-I (all stable over time) were analysed primarily with western blotting (WB) and flow cytometry. The cells were also closely monitored for changes in growth pattern and morphology. The 721.221 HLA-A\*02:01 and 721.220 HLA-A\*02:01 were maintained in R10 supplemented with 50 U ml^−1^ penicillin and 50 *μ*g ml^−1^ streptomycin in 37 °C and 5% CO~2~.

Western blotting
----------------

Cells were lysed in 1% NP-40 Alternative (Calbiochem, San Diego, CA, USA), 1 mM PMSF (Sigma, Saint Louis, MO, USA) and 1 × complete protease inhibitor cocktail (Roche, Basel, Schweiz). BCA Protein Assay Kit (Pierce, Thermo Scientific) was used to determine protein concentration. Proteins were separated on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (BioRad, Hercules, CA, USA). Equal loading was confirmed with MemCode staining (Thermo Scientific). Antibodies for *β*~2~m, BAP31, calnexin, calreticulin, ERp57, HLA-I, ERAP2, LMP2 and LMP7 were from Abcam (Cambridge, UK). *β*-COPI was from Thermo Scientific, ERAP1 was from Acris Antibodies (Herford, Germany), TAP1 was from Calbiochem, TAP2 was from MBL (Woburn, MA, USA) and anti-tapasin-antibody was generated as previously described ([@bib34]). Nitrocellulose membranes were developed with Immun-Star WesternC Kit and molecular imager Chemidoc XRS^+^ system (BioRad) or manually (Amersham Hyperfilm, ECL, GE Healthcare Life Sciences, Buckinghamshire, UK). Quantification was made with BioRad\'s imaging software Image Lab 2.0.1 using a complementary approach, where the quantification of total protein in each lane was used to correct the quantification of each WB-detected protein band after transfer to nitrocellulose membranes. The experiments were repeated at least three times with samples in duplicates. 721.221 HLA-A\*02:01 was used as a positive control.

Statistical analysis of WB analysis
-----------------------------------

Two-way analysis of variance (ANOVA) was used to test the effect on the expression of APM components caused by cell lines, experimental time point and the interaction between these two variables ([Table 1](#tbl1){ref-type="table"}) ([@bib23]; [@bib10]). The Bonferroni method was used to correct the *P*-threshold value for multiple tests. For correlation analyses, where values for one APM component are compared with another APM component, we calculated the Pearson\'s correlation coefficient. The APM components were clustered using complete linkage hierarchial clustering and correlation distance measure (1−\|Pearson correlation\|) ([@bib20]). Statistical analyses were performed in environment R (R Development Core Team) and GraphPad Prism 5.0a (La Jolla, CA, USA).

Immunocytochemistry
-------------------

Cells grown on chamber slides were fixed and permeabilised with acetone before incubation with biotinylated or non-biotinylated W6/32, a conformation-specific antibody for HLA-I heterodimers (Abcam and American Type Culture Collection (Manassas, VA, USA), respectively). After wash, secondary antibody Alexa 555 Streptavidin or Alexa 488, respectively, were applied and slides mounted with ProLong Gold Antifade Reagent with DAPI (Invitrogen, Thermo Scientific). Slides were analysed at room temperature (RT) with a Zeiss Axiovert 200M microscope (Carl Zeiss Microscopy, Göttingen, Germany), a Hamamatsu C4742-80-12AG camera/detector (Hamamatsu Photonics, Hamamatsu, Japan) and Volocity 5.0 software (Informer Technologies, Perkin Elmer, Waltham, MA, USA). Images are *X*=0.31, *Y*=0.31 and *Z*=1 *μ*m per pixel, and the image bit depth is millions of colours. The immunocytochemistry (ICC) staining was scored from 0 to 5 (with 5 being staining with highest intensity) independently by at least two scientists.

Flow cytometry
--------------

Cell surface expression of HLA-I was evaluated using 10 *μ*g ml^−1^ of HLA-I heterodimeric conformation-specific FITC-conjugated W6/32 antibody (Biolegend, San Diego, CA, USA, catalogue number 311404) for 30 min in the dark at 4 °C. FITC-conjugated mouse IgG2a (Biolegend, catalogue number 400207) was used as isotype control. After incubation, cells were washed and filtered through a 60-*μ*m nylon net filter before analysis. Samples were analysed on the BD LSRII (Becton Dickinson, San Jose, CA, USA) and FlowJo 9.5 (Tree Star Inc., Ashland, OR, USA) was used to analyse the data. To normalise, the results are shown as the ratio between the median fluorescence intensity (MFI) of cells stained with W6/32 and the MFI of isotype IgG2a-stained cells.

Immunohistochemical staining of tissues
---------------------------------------

Paraffin-embedded tissue sections were deparaffinised, rehydrated and stained using the MACH 2 system (Biocare Medical, Concord, CA, USA). Sections were stained using antibodies against HLA-I HC (Abcam (ab70328)) or tapasin (TO-3) and scanned with the ScanScope CS system (Aperio, Leica Microsystems, Wetzlar, Germany). The digital slides were analysed in ImageScope 7.01 (Aperio) and each pixel was analysed for positive staining and intensity ([@bib46]). For correlation analyses, the Pearson\'s correlation coefficient was calculated and linear regression was done with tapasin, as well as age and gender of the patient as prognostic factors for survival. Areas with tumour grade lower than grade IV and necrotic areas as well were identified with the assistance of a pathologist and excluded from the analysis. Pearson\'s test, a non-parametric (distribution-free) rank statistic test, was used to analyse possible monotonic relationships.

Peptide--HLA-I folding assay
----------------------------

Folding of HLA-I HCs-*β*~2~m dimers with graded amounts of peptide in the presence or the absence of tapasin~1--87~ (tpn~1--87~) was monitored in a luminescence oxygen channelling immuno (LOCI) assay (AlphaScreen, Perkin Elmer, Waltham, MA, USA) ([@bib34]). Recombinant HLA-I HCs, *β*~2~m and tpn~1--87~ were generated as previously described ([@bib30]; [@bib25]; [@bib34]).

Peptide synthesis
-----------------

The random peptide libraries (7--13 amino acids in length) were synthesised by Schafer-N (Copenhagen, Denmark) and purified as previously described ([@bib35]). NLVPMVATV (NLV), VLEETSVML (VLE) and GIYGAVIPL (GIY) used for the peptide pulse experiment were synthesised by ChinaPeptides Co., Ltd (Shanghai, China).

HLA typing
----------

High-resolution HLA-I typing was performed by Genome Diagnostics B.V. (Nijmegen, The Netherlands) using sequence-based typing. In brief, DNA was purified from the 11 GCLs using the QIAmp DNA Mini Kit (Qiagen, Venlo, Netherlands). The DNA was sent off for PCR amplification and the full nucleotide sequences were determined and aligned to regularly updated databases containing all identified and verified allele sequences (IMGT/HLA sequence database).

Peptide pulse
-------------

The cells were starved 12--24 h, to increase the surface expression of HLA-I before they were pulsed with peptide. Briefly, the cells were washed twice in PBS and seeded in round-bottom 96-well plates at a density of 1 × 10^5^ cells per well and cultured at RT and atmospheric CO~2~. The following day, the cells were pulsed with either 200 *μ*[M]{.smallcaps} peptide or an equal volume PBS for 1 h in the presence of 10 *μ*g ml^−1^ Brefeldin A (BFA). After 1 h peptide pulse, the media was changed back to R10 media and cultured at 37 °C and 5% CO~2~ in the presence of 10 *μ*g ml^−1^ of BFA. The cells were collected at different time points and the surface expression was evaluated using flow cytometry.

Results
=======

Extensive variation in expression of APM components in GCLs
-----------------------------------------------------------

In a recent study we showed, for a set of GBMs (12 tumours), that the level of tapasin correlates with HLA-I expression and survival ([@bib46]). In this study we have done an extensive and detailed analysis of the expression levels of APM components in a unique set of cell lines (GCLs) derived from 11 GBMs ([Figure 1](#fig1){ref-type="fig"}). Despite highly variable levels, none of these GCLs showed a complete loss of expression of any of the APM components. However, GCL 5, 7 and 8 showed very low levels of *β*~2~m ([Figure 1A](#fig1){ref-type="fig"}). A two-way ANOVA of the data showed significant variance between GCLs with *P*\<0.0012 for all the studied proteins except BAP31 ([Table 1](#tbl1){ref-type="table"}). The *P*-value threshold was divided with the number of test samples to get a *P*-threshold value corrected for multiple-tests. For TAP1, LMP2, LMP7, ERAP2 and ERp57, the *P*-value for the interaction term was significant (*P*\<0.0012).

Despite the significant interaction term for some of the APM proteins, we calculated the Pearson\'s correlation coefficient for those that are likely to be expressed in a coordinated manner, for example, TAP1/TAP2 and LMP2/LMP7. The expression of TAP1/TAP2 (Pearson\'s *r*=0.93) was strongly correlated, as was LMP2/LMP7 (Pearson\'s *r*=0.92) ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Moreover, HLA-I HC expression correlated to the levels of *β*~2~m (Pearson\'s *r*=0.67), tapasin (Pearson\'s *r*=0.87) and TAP2 (Pearson\'s *r*=0.62) ([Figure 1C](#fig1){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). A clustering analysis of the APM components based on Pearson\'s correlation coefficient showed that HLA-I HC, tapasin, TAP1, TAP2, LMP2, LMP7 and *β*~2~m formed a cluster where all the proteins were more or less correlated to each other ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Beside calreticulin and calnexin, which together form another cluster, there were no other evidently correlated relationships ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The protein strongest correlated to HLA-I HC levels was tapasin (Pearson\'s *r*=0.87) ([Figure 1C](#fig1){ref-type="fig"}).

GCLs express variable amounts of cell surface HLA-I
---------------------------------------------------

Owing to the dysregulations of APM protein levels, we wanted to assess the levels of assembled HLA-I on the cell surface of the GCLs. Immunocytochemistry staining of total HLA-I was done; however, when evaluated, only the cell surface staining was taken into account. The ICC indicated a high variation between GCLs in cell surface-expressed assembled HLA-I molecules ([Figure 2A](#fig2){ref-type="fig"}).

To further quantitate the cell surface-expressed HLA-I, we also did flow cytometry analysis ([Figure 2B](#fig2){ref-type="fig"}). This confirmed not only the high variation but also the hierarchy in HLA-I surface expression levels between the GCLs ([Figure 2C](#fig2){ref-type="fig"}). The levels of cell surface-expressed HLA-I molecules did not correlate to the expression levels of any of the analysed APM components (data not shown).

Tapasin is a prognostic marker for survival time of GBM patients
----------------------------------------------------------------

For a different set of samples (12 GBM tumours), we recently showed, by staining for tapasin and HLA-I HC with immunohistochemistry, that tapasin levels correlate with HLA-I HC expression and days of survival for patients ([@bib46]). Here we extended the analysis and included the 11 GBM tumours from which the GCLs used here were established. The IHC analysis showed extensive variation in the expression of tapasin and HLA-I among the GBMs ([Figure 3A and B](#fig3){ref-type="fig"}). Correlation analysis with calculated Pearson\'s correlation coefficient showed that tapasin expression correlated with both HLA-I HC expression and days of survival in the extended set of 23 patients ([Figure 3C and D](#fig3){ref-type="fig"}). Linear regression further proved that tapasin is an independent factor for survival ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). This not only strengthens the results from our previous study but also firmly establishes tapasin as an important prognostic factor for GBM patients.

GCLs display HLA-I profiles with mixed high and low tapasin dependency allomorphs
---------------------------------------------------------------------------------

Owing to the lack of correlation between tapasin expression and surface-expressed HLA-I molecules in the GCLs, we hypothesised that the HLA-I molecules presented at the cell surface could be less dependent on tapasin and thus be expressed at the cell surface even if tapasin is downregulated. To investigate this we performed high-resolution HLA-A and -B typing of each GCL and also, for comparison, of a healthy cohort of 31 individuals ([Table 2](#tbl2){ref-type="table"} and [Supplementary Table 1](#sup1){ref-type="supplementary-material"}). To get the tapasin dependency for each allomorph, we used recombinant HLA-I heavy chains and studied the tapasin facilitation in a LOCI assay ([@bib35]). The studied allomorphs ranged from high to low tapasin dependency ([Figure 4A](#fig4){ref-type="fig"}). Analysis revealed that GCL 7 followed by GCL 5 had the lowest tapasin dependencies, and that all of the glioma patients expressed a mixture of HLA-I allomorphs with different tapasin dependencies ([Figure 4B](#fig4){ref-type="fig"}), which was also true for the healthy cohort ([Figure 4C](#fig4){ref-type="fig"}).

Lack of tapasin results in suboptimally loaded HLA-I on the cell surface
------------------------------------------------------------------------

Tapasin was extensively dysregulated in the GCLs and GBMs, and was also the protein that had the strongest correlation to HLA-I HC expression; thus, we wanted to investigate tapasin\'s effect on surface-expressed HLA-I molecules. The HLA-I typing revealed a high frequency of HLA-A\*02:01, a very common allele in Caucasian populations and a molecule well studied in terms of tapasin dependence and peptide binding ([@bib4]; [@bib35]). In brief, 721.220 HLA-A\*02:01 and 721.221 HLA-A\*02:01 cells were incubated with peptides NLV, VLE or GIY, (predicted high affinities for HLA-A\*02:01 (netMHCpan: 21, 150 and 47 nM[,]{.smallcaps} respectively)) and treated with BFA. Only one of these, GIY, generated an increased amount of W6/32 reactive HLA-I molecules on the tapasin-deficient 721.220 HLA-A\*02:01 cells ([Figure 5](#fig5){ref-type="fig"}, upper panel).

Discussion
==========

Out of all the APM components analysed, tapasin had the strongest correlation with the expression of HLA-I HC ([Figure 1C](#fig1){ref-type="fig"}). The WB analysis also indicated a correlation between TAP1 and TAP2, as well as between LMP2 and LMP7, which could be expected, as their transcription is controlled by the same bidirectional promoter ([@bib52]). Further, tapasin expression clustered with the TAP and LMP proteins, as well as HLA-I HC and *β*~2~m ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The correlated expression of these proteins suggests a regulatory mechanism that could cause simultaneous deficiency in the expression of genes at disperse loci. ERAP1 and ERAP2 showed imbalanced expression, which has also been observed in tumours of different origin ([@bib11], [@bib12]). As ERAP1 and 2 have different cleavage preferences, this may result in a shift of the presented antigenic peptide pool ([@bib36]).

As expected, there was less variation in the expression of the more general chaperones calreticulin and calnexin, and the intracellular transport proteins *β*-COPI and BAP31 ([Figure 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). Similarly, ERp57 is involved in several different pathways. However, the levels among the GCLs varied and increased expression of ERp57 has been observed in transformed cells and has been linked to human diseases including cancer ([@bib6]). When analysing *β*-actin and GAPDH, we found that the levels varied a lot between the GCLs, which is well in line with several common housekeeping proteins not being stable in tumour cells ([@bib9]; [@bib48]). Although the transport protein BAP31 was expressed at equal levels ([Figure 1](#fig1){ref-type="fig"}), we decided to use a total protein stain to correct for equal loading of protein lysate.

Despite the strong correlation between tapasin and HLA-I HC in total cell lysates, we could not detect any correlation between tapasin and the level of W6/32 reactive HLA-I molecules expressed on the cell surface. This might seem surprising, as a correlation between tapasin and surface-expressed HLA-I has been shown ([@bib32]; [@bib13]; [@bib17]; [@bib4]). However, those studies were made in models with tapasin either present or absent and otherwise intact APM, whereas the GCLs in our study all had multiple APM dysregulations. With tapasin present, the HLA-I HCs could, to a larger extent, temporarily be rescued from degradation through tapasin\'s retention/recycling function, but owing to the defects in other parts of the APM the HLA-I HCs could not reach a conformation stable enough to allow efficient presentation at the cell surface ([Figure 6](#fig6){ref-type="fig"}). The effect of intact APM apart from tapasin deficiency was studied using the tapasin-deficient 721.220-HLA-A\*02:01 cell line. On these cells we were able to increase the stability of surface-expressed HLA-A\*02:01 molecules but only for one out of the three exogenously added peptides ([Figure 5](#fig5){ref-type="fig"}). Based on these data, we propose that the conformation of suboptimally loaded HLA-A\*02:01 is different on those expressed at the cell surface compared with their conformation during maturation in the ER.

The relation between W6/32 reactive epitopes and tapasin levels likely varies between individuals, as the GBM patients, as well as the healthy cohort, expressed HLA-I allomorphs with a range of tapasin dependency ([Figure 4B and C](#fig4){ref-type="fig"}). HLA-I allomorphs with low tapasin dependency are suggested to have a higher intrinsic stability that allows them to be expressed on the cell surface even in the absence of tapasin ([@bib15]). The two GBM patients with lowest tapasin dependency were both in the group with less W6/32 surface expression but worth noting is that they also both had significantly downregulated tapasin expression (only 14% and 17%, respectively, of the level of the GCL with highest expression and 14% and 50%, respectively, of the level of the GBM with highest expression).

Although HLA-I allomorphs with low tapasin dependency can be presented on the cell surface in the absence of tapasin, there is still a strong correlation between the expression of tapasin and days of survival, which we have previously shown in a similar IHC study performed by our group ([@bib46]). We again analysed the GBM patients with an IHC method-based stainings being (I) weak positive, (II) positive and (III) strong positive. To study the effect of tapasin expression on survival, we here compared the material by dividing it into three equal sub-groups, which showed a significant correlation between tapasin expression and survival ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Moreover, when adding the data from the 11 GBMs to the previously analysed set of 12 GBMs, the correlation between tapasin and survival was strengthened. Moreover, additional statistical analysis proved tapasin to be a prognostic factor of survival ([Supplementary Table 2](#sup1){ref-type="supplementary-material"} and [Supplementary Figure 3d](#sup1){ref-type="supplementary-material"}).

For the past years, the dogma that optimal peptides are those with high affinity for the HLA-I-binding cleft has been challenged ([@bib2]; [@bib35]; [@bib14]; [@bib19]). It is evident that affinity is not the only factor that needs to be taken into account when searching for an optimal peptide but also the stability that the peptide induces in the HLA-I molecule ([@bib14]; [@bib19]). The dependency of tapasin is highly varying. Some HLA-I allomorphs, for example, HLA-B\*44:02 are critically dependent on tapasin, whereas others, for example, HLA-B\*27:05 does not depend as much on tapasin for maturation ([@bib13]; [@bib33]; [@bib54]; [@bib15]). [@bib43], [@bib44]) have shown that HLA-B\*44:02 has a greater flexibility in the *α*~2~-helix in the peptide-binding cleft compared with the less tapasin-dependent HLA-B\*44:05. In addition, exchange of alanine to leucine in position 2 of the melanoma antigen MART-1~27--35~ increases the peptide affinity for the HLA-A\*02:01 but renders the peptide:HLA-I complex worse in respect to its ability to bind to a T-cell receptor due to an increased flexibility in the *α*~2~-chain of the peptide-binding cleft ([@bib21]). Based on these findings, one could hypothesise that tapasin works to promote selection of peptides that reduce the flexibility of the peptide-binding cleft in the peptide:HLA-I complexes and thus induces more energetically favourable structures. The high variation in APM component expression and the pronounced correlation between HLA-I HC and tapasin levels shown here are together with the demonstrated function of tapasin to edit the HLA-I-presented peptide repertoire, change immune dominance hierarchies and exert quality control of HLA-I ([@bib13]; [@bib33]; [@bib35]; [@bib15]), suggesting tapasin as a unique target molecule for manipulation of immune reactions.

The here presented work is another step towards improved molecular understanding of tumour evolution, immune evasion strategies and tumour immunology. The median survival, for GBM patients, has not changed during the last decades and it is evident that new treatments are highly desirable. Tapasin was here shown to be frequently dysregulated in GBMs and strongly linked to HLA-I expression, suggesting that histone deacetylase inhibitors such as trichostatin A ([@bib41]) or IFN*γ*, either through gene transfer or as a recombinant protein, may upregulate both tapasin and other IFN*γ*-regulated APM proteins and improve HLA-I antigen presentation at the cell surface. The outcome for peptide vaccination in clinical trials has been very poor so far. Most commonly, the peptides are chosen based on high affinity and the patients have usually been heavily pre-treated with chemotherapy, which depletes the effector cells needed to elicit a tumoricidal immune response. It has previously been shown that directly targeting of TAP- and tapasin-independent peptides to the ER restores antigen presentation, and it was suggested that the critical factor was the ability of these peptides to be presented in the absence of tapasin ([@bib1]). A number of TAP-independent epitopes are presented in TAP-deficient cells by different allomorphs ([@bib45]; [@bib16]; [@bib53]; [@bib24]; [@bib37]), whereas the situation in tapasin-deficient cells is less dependent on peptide but more on the specific HLA-I allomorphs of the individual. Hence, HLA-I allomorph must always be considered in peptide-based vaccine strategies. In addition, TAP deficiency calls primarily for targeting of TAP-independent tumour epitopes, whereas tapasin deficiency calls for an even more careful selection of HLA allomorph based on knowledge of the tapasin dependence. Importantly, deficiency in both tapasin and TAP likely block HLA-I maturation, even in the presence of TAP-independent peptides, because there will be too low local concentration of TAP-independent peptides and/or ER-retained semi-mature HLA-I molecules for efficient peptide loading. Choice of peptide should be made also considering factors such as co-stimulation, adjuvance and relieve of immune suppression. We propose that protocols involving HLA-I-binding antigenic peptides should be individualised and include high-resolution HLA-I typing along with determination of tapasin expression and dependency of allomorphs present in each patient. This would allow for a better selection of peptides of higher immunogenicity, as one could estimate which HLA-I allomorphs are likely to be presented at the cell surface. Alternatively, the total value of tapasin dependency of a HLA-I profile may be considered as a stratifying factor for inclusion or not in HLA-I-binding peptide-based immunotherapy.
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![**The expression levels of APM components are highly variable in GCLs.** (**A**) GCLs were lysed and equal amounts of protein were separated with SDS-PAGE and proteins were detected with immunoblotting. 721.221-HLA-A\*02:01 cells were used as control. Representative raw data from three to six WB experiments is shown. (**B**) Densiometric analysis of WB data. Experiments have been repeated at least three times with samples in duplicate each time. Equal amounts of protein were separated with SDS-PAGE. Immunoblot detection was performed as indicated in Materials and Methods, with primary antibodies indicated in the diagrams respectively. Quantification of total protein in each lane was used to correct the quantification of each WB-detected protein band after transfer to nitrocellulose membranes. Error bars represent±s.e.m. (**C**) Correlation analysis of HLA-I HC, *β*~2~m and tapasin. Values from densiometric analyses of immunoblotted proteins of the 11 GCLs are plotted against each other and Pearson\'s correlation coefficient calculated.](bjc2015297f1){#fig1}

![**GCLs express HLA-I on the cell surface.** (**A**) Cells were analysed with conformational specific anti HLA-I antibody (W6/32). Two scientists independently scored the ICC stainings for surface expression of HLA-I from 0 to 5. Representative images from one out of two repeated immunocytochemistry experiments. (**B**) Expression of W6/32 reactive HLA-I at the cell surface analysed by flow cytometry. The graph shows one representative out of five repeated experiments. Bars are representing the MFI relative isotype. (**C**) Correlation plot with calculation of Pearson\'s correlation coefficient showing the significant correlation between flow cytometry and ICC analysis for surface-expressed HLA-I on GCL1-11.](bjc2015297f2){#fig2}

![**Immunohistochemical analysis of HLA-I HC and tapasin expression in tumour sections corresponding to GCLs.** Paraffin-embedded tissue sections were deparaffinised, rehydrated and stained using the MACH 2 system (Biocare Medical) and (**A**) HLA-I or (**B**) tapasin antibody. Positive Pixel score (P~p~S) was calculated as described in [@bib46]. (**C**) Correlation analysis with calculation of Pearson\'s correlation coefficient for expression of tapasin and HLA-I HC in immunohistochemical analysis of tumour sections (*P*\<0.0001). (**D**) Correlation analysis with calculation of Pearson\'s correlation coefficient for expression of tapasin in tumour tissue plotted against days of survival for patients corresponding to tumour tissues (*P*\<0.01). Presented here is the data from the 11 GBMs that we have analysed in this study together with the 12 tumours analysed in a previous paper by our group ([@bib46]).](bjc2015297f3){#fig3}

![**Determination of tapasin dependency for HLA-I allomorphs present in GCLs and healthy cohort.** (**A**) HLA-I allomorphs present in GBM and healthy cohort were analysed for tapasin facilitation, that is, tapasin dependency. Peptide-HLA-I folding was monitored in a LOCI assay with biotinylated recombinant HLA-I HCs diluted in a buffer containing random peptide mixes with different peptide lengths (7--13 aa), *β*~2~m and the presence or the absence of Tpn~1--87~. Peptide--HLA-I complexes were quantified in a W6/32-based LOCI assay, which recognises folded pHLA-I complexes. HLA-A\*02:01 T134K, which does not bind to tapasin (with few exceptions, unpublished data), was used as a negative control. The graph shows the tapasin facilitation for each allomorph with each point representing a specific peptide length and also the average tapasin facilitation for each allomorph and peptide mix (7--13 aa). (**B**) Tapasin dependency of the HLA-I allomorphs present in each patient of the GBM cohort. Each GBM display a HLA-I profile with HLA-I allomorphs ranging from high to low. (**C**) Tapasin dependency for HLA-I allomorphs present in the GBM cohort compared with the healthy cohort.](bjc2015297f4){#fig4}

![**Exogenous peptide can be loaded on tapasin-deficient cells.** The three peptides tested were selected based on high-affinity peptides for HLA-A\*02:01. Cells were pulsed at RT for 1 h with 0 *μ*[M]{.smallcaps} (control) or 200 *μ*[M]{.smallcaps} peptide in the presence of BFA. Peptide was removed and cells were transferred to 37 °C and treated with BFA for 0--4 h. Cells were stained with FITC-conjugated W6/32 and analysed with flow cytometry. Graphs show amount of surface HLA-I complexes present after 0 and 4 h of BFA treatment of tapasin-deficient 721.220 HLA-A\*02:01 cells (upper panel) and tapasin-proficient 721.221 HLA-A\*02:01 cells (lower panel).](bjc2015297f5){#fig5}

![**Schematic figure of the effects of tapasin deficiencies and APM defects.** The HLA-I and tapasin-deficient 721.220 cell line is often used as a model where an HLA-I allele of interest and tapasin is transfected into the cells to study the effect of tapasin on HLA-I surface expression. In these transfectants, the machinery of antigen processing is functional and the effect of tapasin is correlated with the surface expression of HLA-I, especially for HLA-I allomorphs with high tapasin dependency. In tumours, the APM is defect and thus the folding and maturation of HLA-I molecules are impaired even in the presence of tapasin. Tapasin can rescue misfolded HLA-I HCs from degradation through its retention/recycling function, but owing to defects in other parts of the APM many HLA-I molecules cannot reach a conformation making them stable enough to reach and efficiently present peptide on the cell surface. If there are multiple APM deficiencies including the level of tapasin expression, the maturation of HLA-I HCs are less successful, more HC is degraded and a higher proportion of unstable HLA-I molecules reach the cell surface.](bjc2015297f6){#fig6}

###### Result from two-way ANOVA of analysed APM components

  **APM component**   **GCLs**        **Experimental time points**   **Interaction**
  ------------------- --------------- ------------------------------ -----------------
  ERAP1               1.33\*10^−15^   4.94\*10^−2^                   5.70\*10^−2^
  LMP2                2.83\*10^−11^   5.31\*10^−8^                   4.00\*10^−4^
  ERp57               2.13\*10^−10^   3.72\*10^−6^                   6.61\*10^−4^
  Tapasin             2.68\*10^−10^   2.17\*10^−7^                   2.84\*10^−2^
  *β*~2~m             8.74\*10^−10^   8.10\*10^−6^                   3.00\*10^−1^
  LMP7                2.18\*10^−9^    7.90\*10^−7^                   1.69\*10^−5^
  HLA-I HC            3.27\*10^−8^    2.36\*10^−5^                   5.23\*10^−3^
  TAP1                5.01\*10^−7^    1.77\*10^−3^                   2.79\*10^−4^
  ERAP2               4.66\*10^−6^    4.66\*10^−1^                   5.92\*10^−5^
  TAP2                3.21\*10^−5^    2.42\*10^−3^                   2.65\*10^−2^
  Calnexin            1.24\*10^−3^    1.51\*10^−3^                   5.49\*10^−3^
  Calreticulin        2.65\*10^−3^    1.13\*10^−3^                   5.14\*10^−1^
  *β*-COPI            1.94\*10^−2^    3.27\*10^−2^                   1.03\*10^−2^
  BAP31               5.92\*10^−1^    2.76\*10^−3^                   9.33\*10^−1^

Abbreviations: ANOVA=analysis of variance; APM=antigen-processing machinery; *β*~2~m*=β*~2~-microglobulin; GCL=glioma cell line; HC=heavy chain.

All the reported numbers are *P*-values.

###### High-resolution HLA-I typing of GCLs and mean tapasin facilitation

        **HLA-A**~**1**~    **HLA-A**~**2**~   **HLA-B**~**1**~    **HLA-B**~**2**~                                                 
  ---- ------------------- ------------------ ------------------- ------------------ ------------------- ------ ------------------- ------
  1       02 : 01 : 01            1.7                 --                 n.d.              07 : 02        2.6           --           n.d.
  2          01 : 01              1.9               02 : 01              1.7               08 : 01        2.6      51 : 01 : 01      2.1
  3          01 : 01              1.9               02 : 01              1.7               08 : 01        2.6      57 : 01 : 01      1.6
  4       02 : 01 : 01            1.7            68 : 02 : 01            1.8          15 : 01 : 01 : 01   2.0    44 : 02 : 01 : 01   10.6
  5     24 : 02 : 01 : 01         1.9            68 : 02 : 01            1.8          15 : 01 : 01 : 01   2.0         40 : 01        1.6
  6       03 : 01 : 01            2.5            68 : 02 : 01            1.8               14 : 01        n.d.     40 : 01 : 02      1.6
  7          01 : 01              1.9               02 : 01              1.7               39 : 06        1.0         40 : 01        1.6
  8     01 : 01 : 01 : 01         1.9                 --                 n.d.              08 : 01        2.6    15 : 01 : 01 : 01   2.0
  9       03 : 01 : 01                         24 : 02 : 01 : 01         1.9               07 : 02        2.6    15 : 01 : 01 : 01   2.0
  10    01 : 01 : 01 : 01         1.9               30 : 04              n.d.              08 : 01        2.6      14 : 02 : 01      2.7
  11    01 : 01 : 01 : 01         1.9            03 : 01 : 01            2.5               07 : 02        2.6      08 : 01 : 01      2.6

Abbreviations: fac=facilitation; GBM=glioblastoma multiforme; n.d.=not determined; rB~max~=relative B~max~; Tpn=Tapasin.

Determination of tapasin dependency was not possible for all allomorphs present in GBMs (n.d.).

Here '--\' refers to homozygocity, deletion or similar.

[^1]: These authors shared authorship.
